We aim to establish that accelerated aging and premature cellular senescence seen in individuals with Down syndrome is related to reduced DNA polymeraseb. We report here that primary fibroblasts from Down syndrome individuals exhibit greater SA-b-gal staining (fourfold increase, P < 0.001), increased p16 transcript abundance (threefold increase, P < 0.01), and reduced HMGB1 nuclear localization (1.5-fold lower, P < 0.01). We also find that DNA polymerase b expression is significantly reduced in Down syndrome primary fibroblasts (53% decline, P < 0.01). To evaluate whether DNA polymerase b might be causative in senescence induction, we evaluated the impact of murine DNA polymerase b nullizygosity on senescence. We find that unexposed DNA polymerase b -null primary fibroblasts exhibit a robust increase in the number of senescent cells compared to wild-type (11-fold, P < 0.001), demonstrating that loss DNA polymerase b is sufficient to induce senescence. We also see an additional increase in response to hydroxyurea (threefold greater than WT-HU, P < 0.05). These data demonstrate that loss of DNA polymerase b is sufficient to induce senescence. Additionally, we report a significant induction in spontaneous DNA double strand breaks in DNA polymerase b null MEFs (fivefold increase from wild-type, P < 0.0001). Our findings strongly suggest that DNA polymerase b is causative in senescence induction, reasonably pointing to DNA polymerase b as a likely factor driving the premature senescence in Down syndrome. Environ. Mol. Mutagen. 00:000-000, 2018.
INTRODUCTION
A link between DNA repair capacity and longevity was first proposed by Hart and Setlow [Hart and Setlow, 1974] , who correlated mammalian DNA repair capacity to maximum lifespan. This association launched an entire field of study into the relative roles of DNA repair capacity on lifespan. In turn, many human conditions of premature and/or accelerated aging have been directly linked to defective DNA repair [Brosh and Bohr, 2007] . Down syndrome (DS) is a genetic disorder caused by Trisomy 21 and is characterized by a shortened lifespan and biomarkers of precocious aging [Hermon et al., 2001; Hill et al., 2003; Esbensen, 2010] . When cultured, the proliferative potential of primary fibroblasts and lymphocytes from individuals with Down syndrome is reduced and senescence-associated beta-galactosidase (SA-b-gal) activity is increased [Kalanj-Bognar et al., 2002; Cristofalo et al., 2004] . This early appearance of SA-b-gal activity is also observed in both cultured fibroblasts and skin tissue from TS65Dn mice [Contestabile et al., 2009] , and in skin tissue from individuals with Trisomy 21 [Rodriguez-Sureda et al., 2015] . While other disorders of accelerated aging have been directly connected to specific DNA repair defects, Down syndrome has not. There is evidence for reduced base excision repair (BER) in Down syndrome, which includes: accumulation of DNA repair intermediates in the form of strand breaks [Athanasiou et al., 1980; Maluf and Erdtmann, 2001] , increased chromosomal damage [Shafik et al., 1988; Caria et al., 2001] , reduced in vitro measures of DNA repair capacity [Agarwal et al., 1970; Raji et al., 1998 ], and reduced expression of DNA BER genes [Raji et al., 1998; Cabelof et al., 2009] , in particular, DNA polymerase b (POLb).
Defective or reduced BER has been linked to aging, on observations that old mice (24 months) exhibit an approximate 50% reduction in BER capacity, POLb protein and Polb mRNA expression [Cabelof et al., 2002] . Further, reduction in BER capacity is linked to age-related disorders including dementia and cancer [Weissman et al., 2007; Yamtich et al., 2012; Sykora et al., 2015] . These aging phenotypes are, in turn, linked specifically to reduced POLb [Subba Rao and Subba Rao, 1984; Rao et al., 1994; Rao et al., 2001; Cabelof et al., 2002; Krishna et al., 2005; Kisby et al., 2010] . Mouse models developed to evaluate the functions of Polb, show periembryonic lethality for homozygous Polb null (Polb -/ -) mice [Sobol, 1996] , while heterozygous mice (Polb 1/-) are both viable and fertile. These heterozygous mice express gene-dosage reductions in Polb, which quantitatively mimic the reductions in POLb reported for Down syndrome. The increased mortality rate seen in Polb 1/-mice [Cabelof et al., 2006] was the first observation that a DNA BER protein might be directly linked to accelerated aging phenotypes. Mechanistically, POLb is induced in response to DNA damage [Cabelof et al., 2002; Cabelof et al., 2003; Cabelof, 2007] , so we should anticipate an adaptive upregulation in POLb in response to the accumulation of endogenous DNA damage in Down syndrome. The absence of this adaptive response could conceivably contribute to senescence. Our objective in this work is to establish direct evidence that loss of POLb promotes cellular senescence, connecting its role directly to this mechanism of aging.
EXPERIMENTAL PROCEDURES
Tissue Culture DS primary fibroblasts (AG06872, AG05397) and their age-and sex-matched controls (GM00969, GM05659) were acquired from Coriell Cell Repositories. Primary cells were maintained in MEM medium (Life Technologies, Cat#10370-021) supplemented with 15% fetal bovine serum (Hyclone, Cat# SH3007003) and 1% penicillin/streptomycin (Gibco, Cat# 15240-062). Passage number was carefully documented and cells of similar passage were used in comparisons. Where noted, data were pooled for both non-Down syndrome (NDS) cells and both DS cells. In the Polb experiments, primary cells of wild-type or DNA polymeraseb deficient fibroblasts were isolated from heterozygous females (Polb 1/-) at day 10.5 of gestation, as described in Sobol et al. [1996] , and were a generous gift from Samuel H. Wilson. The cells we used were named WT-48, WT-53 (herein designated WT when data are pooled), and Polb -/-47, Polb -/-51 (herein designated Polb -/-when data are pooled). These primary mouse embryonic fibroblasts were maintained in DMEM (Gibco, Cat# 11995081) and supplemented with 10% FBS. Passage number was carefully documented and cells of similar passage were used in comparisons.
SA-b-Gal
Senescence-associate b-galactosidase activity was assessed using a senescence detection kit from BioVision (Milpitas, CA), according to the manufacturer's instructions. Briefly, cells were seeded at 5 3 10 4 density and left untreated or treated for 10-14 days with either hydroxyurea (HU; 300 mM) or methyl methanesulfonate (MMS; 600 mM). Media was changed every three days, and fresh dose of HU or MMS was given. Cells were fixed for 5 minutes at room temperature and incubated overnight at 378C at ambient CO 2 with staining solution containing X-gal and staining supplement. Blue-stained cells were identified as senescent. A minimum of 300 cells in at least 5 fields of view were photographed and counted at 203 magnification, by two blinded counters. Data shown here represent the average of three independent pooled experiments. Results are expressed as percentage of stained cells in the total number of cells. Cells cultured and treated concomitantly with those used to assess senescence were passaged for additional 2 weeks to evaluate their ability to recover/emerge from senescence.
Western Blotting
Nuclear and cytoplasmic fractions were extracted using the NucBuster TM Protein Extraction Kit (Novagen, Darmstadt, Germany) and total protein in each fraction was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific), as per the manufacturer protocols. 40 mg of protein was run on 10% Mini-PROTEAN TGX Precast Protein els (BioRad) and transferred to 0.2 mm PVDF by using the Trans-Blot Turbo Transfer System (BioRad), according to the manufacturer's recommendations. Loading and transfer consistency was verified by UV-activation of the gel and membrane. Following activation, blots were blocked for 30 minutes in 5% BSA in PBST and incubated in HMGB1 primary antibody (1:500) (Sigma, Cat# H9664) at 48C overnight. Blots were subsequently washed in PBST and incubated for 90 min at room temperature in anti-mouse IgG-HRP secondary antibody (Cell Signaling, #7076), diluted at 1:5000 in PBS. Bands were detected using a ChemiImager, following activation with the SuperSignal Chemiluminescent Substrate luminol/enhancer (BioRad). Optical density was determined using ImageJ [Schneider et al., 2012] . HMGB1 values for nuclear and cytoplasmic fractions are Environmental and Molecular Mutagenesis. DOI 10.1002/em calculated as band intensity normalized to total protein intensity.
Immunofluorescence Staining
4 3 10 4 cells were seeded on coverslips in 12-well plates and fixed in ethyl: acetate (80:20) for 5 min. After three washes, cells were blocked in PBST containing 1% BSA for 30 min at room temperature and incubated with combined primary anti-gH2AX (1:100) (Millipore, Cat# 05-636) and anti-53BP1 antibodies (1:100) (NovusBio, Cat # NB100-340) for 1.5 hr at room temperature or overnight at 48C. Cells were then incubated with combined Alexa Fluor 488-conjugated anti-mouse IgG (1:400) (Invitrogen, Cat# A-11001) and Alexa Fluor 568-conjugated anti-rabbit IgG (Invitrogen, Cat # A-11011) for one hour at room temperature and mounted with Pro-Long Gold anti-fade reagent (Invitrogen, CA). Slides were photographed under the Nikon Eclipse 80i microscope (Nikon, CA) and processed using the Nikon Elements built-in software. Approximately 100 cells were selected in more than 10 fields of view and the number of foci positive for both proteins were counted for each cell.
Expression Analysis
cDNA was synthesized, as described previously [Cabelof et al., 2006] , from 2 mg RNA using random hexamer primers and purified with the QIAquick PCR Purification columns (Qiagen, Valencia, CA). Transcripts were amplified and quantitated with a LightCycler 480 real-time PCR machine (Roche). PCR reactions contained 2 mL purified cDNA, 0.5 mM of each sense and antisense primer, and 2 mL FastStart DNA Master SYBR Green I enzyme-SYBR reaction mix (Roche). For all amplifications, PCR conditions consisted of an initial denaturation step at 958C for 5 min, followed by 40-45 cycles at 958C for 10 s, primer specific annealing temperatures for 10 s, and elongation at 728C for 10 s. Melting curves from 658C to 958C confirmed specificity. External standards were prepared for all genes from cDNA amplicons cloned into pCRII TOPO cloning vector (Invitrogen, Carlsbad, CA). All transcripts were quantitated and normalized to GAPDH or Rpl4 expression as stated. Primer sequences are detailed in Table I , with the exception of primer sets used for amplification of human POLb and human p16, which were purchased from SA Biosciences (Frederick, MD) (Cat#PPH13735F-200 and Cat#PPH00207C, respectively). Human CBS, BACH1 and SOD1, all Chromosome 21-localized genes, were used to confirm DS status of the primary fibroblasts.
Data Analysis
Results are expressed as mean 6 SEM and were analyzed using Student's t-test. Statistical comparisons between groups were conducted using one-way ANOVA, using GraphPad Prism 5.0 (Graph Pad Software, La Jolla, CA). Values of P < 0.05 were considered statistically significant and individual P-values are shown in the figures.
RESULTS

Premature Cellular Senescence in Down Syndrome Primary Fibroblasts
Primary fibroblasts from individuals with Down syndrome were assessed for premature senescence phenotypes by several different senescence markers. Cells from Down syndrome individuals have been reported to exhibit many features of early senescence, including enlarged and flattened morphology, increased numbers of multinucleated cells, and early appearance of SA-b-gal activity [Kalanj-Bognar et al., 2002; Cristofalo et al., 2004] . These in vitro findings are consistent with the accelerated aging that is consistently observed in Down syndrome [Patterson and Cabelof, 2012] . Senescence is an irreversible cell cycle state that can be induced by multiple endogenous and exogenous signals. Widely used biomarkers of senescence are SA-b-gal, p16 expression [Alcorta et al., 1996] , and HMGB1 cellular localization, all of which we have quantified here.
SA-b-gal is expressed only in senescent cells and is not observed in pre-senescent, quiescent, or transformed cells [Dimri et al., 1995] . We confirm the early appearance of SA-b-gal activity in DS in the absence of any exogenous stressors: 5% of NDS fibroblasts stain positive for SA-bgal while 20% of DS fibroblasts stain positive for SA-b-gal (Fig. 1A , fourfold increase, P < 0.001). In addition, we evaluated the senescence response to HU and find only 21.4% of NDS fibroblasts are senescent (very similar to senescence response we see in unexposed DS fibroblasts), while 58.2% of the DS fibroblasts are senescent (Fig. 1A , >twofold, P < 0.01). Thus, DS fibroblasts have an increased level of senescence at baseline and also in response to the replication stress induced by HU. Elevated p16 expression maintains the senescence phenotype and is an established marker of premature aging [Alcorta et al., 1996] . Further, removal of p16-expressing cells (i.e., senescent cells) from tissues can reverse senescent phenotypes [Baker et al., 2011] . We evaluated p16 transcript abundance and find a significant increase in p16 in DS (Fig.  1B , threefold increase, P < 0.01). As a third marker of cellular senescence, we evaluated HMGB1 levels in the nucleus. HMGB1 is a nuclear non-histone DNA-binding protein shown to have a role both in regulating DNA repair and in senescence [Prasad et al., 2007; Enokido et al., 2008; Lange and Vasquez, 2009; Menon et al., 2016] . Davalos et al., demonstrated that HMGB1 redistribution from the nucleus is crucial to the senescence-associated secretory phenotype (SASP) [Davalos et al., 2013] . We have quantitated both nuclear and cytoplasmic fractions of HMGB1 and show clearly that the DS fibroblasts have disproportionately less HMGB1 in the nucleus as compared to their NDS counterparts (Fig. 1C, >1 .5-fold, 6SEM, P < 0.01). In NDS cells, 44% of total HMGB1 is nuclear, while in DS cells, only 25% of HMGB1 is nuclear.
Reduced DNA BER, and in particular POLb has been reported and appreciated as a phenotype of DS for some time [Fry et al., 1984; Raji and Rao, 1998 ]. More recently, we evaluated this question in blood samples from acute megakaryoblastic leukemia (AMkL) patients and in fetal liver tissue. We reported that both AMkL patients with DS and fetal liver tissue from DS abortuses expressed lower levels of POLb than did the NDS counterparts [Cabelof et al., 2009 ]. As such, we chose to Fig. 1 . Premature cellular senescence in Down syndrome primary fibroblasts. All experiments were conducted in primary fibroblasts from ageand sex-matched donors either without Down syndrome (NDS, GM00696 and GM05659) or with Down syndrome (DS, AG06872 and AG05397) as described in Experimental. Graphs are labeled DS or NDS. (A) Down syndrome fibroblasts exhibit a premature senescence phenotype. Senescence-associated b-galactosidase (SA-b-Gal) activity was measured in primary fibroblasts from donors with or without Down syndrome as described in Experimental. A minimum of 300 cells was counted in random fields by a technician blinded to genotype to quantify the proportion of SA-b-Gal-positive cells. Quantification is presented as the average of three independent experiments 6 SEM and is expressed as a percent of positive cells [(SA-b-Gal-positive cells/total cells)*100]. Data is expressed as mean 6 SEM for three independent pooled experiments. *Value significantly different from control at P < 0.01. (B) Upregulation in p16 in Down syndrome primary fibroblasts. p16 transcript abundance was determined by quantitative RT-PCR and normalized to GAPDH as described in methods. Data is expressed as mean 6 SEM for three independent experiments. *Value significantly different from control at P < 0.01. (C) HMGB1 is excluded from the nuclear fraction in Down syndrome primary fibroblasts. Nuclear and cytoplasmic fractions were extracted from cells, separated on 10% TGX Stain-free precast gels (BioRad) and transferred to PVDF. Membrane was incubated in 1:500 dilution of HMGB1 (Sigma, Cat# H9664). HMGB1 in nuclear and cytoplasmic fractions was normalized to total protein as described in Experimental. Normalization (loading control) was done for both nuclear and cytoplasmic fractions by calculating optical density of HMGB1/total protein. Graph is labeled for genotype (DS or NDS) and fraction (NF, nuclear fraction; CF, cytoplasmic fraction). Data is expressed as mean 6 SEM for three independent experiments from pooled averages. *Value significantly different from control at P < 0.01. (D) Primary Down syndrome fibroblasts exhibit reduced DNA polymeraseb transcript abundance. Gene expression was evaluated in primary fibroblasts from donors with or without Down syndrome as described in Experimental. POLb transcript levels were determined by quantitative real-time RT-PCR and normalized to GAPDH. Data are presented as the average of pooled samples from each genotype 6 SEM. *Values significantly different from control (NDS) at P < 0.01.
Environmental and Molecular Mutagenesis. DOI 10.1002/em evaluate POLb in primary NDS and DS fibroblasts and determine whether senescence could be a function of impaired POLb. We evaluated POLb expression in primary fibroblast cells from six individuals with DS and six without DS (DS and NDS), and find a significant reduction in POLb expression in Down syndrome cells (Fig.  1D, 53% reduced, 6SEM, P < 0.01). In light of the wellestablished role of Polb in processing damage induced by methyl methanesulfonate (MMS) we anticipated that Down syndrome cells would senesce in response to MMS exposure. We attempted a range of dosing and timing schedules to induce senescence with MMS but never saw an increase in the number of senescent cells as a result Down syndrome (data not shown). This suggests that the mechanism of senescence in DS may not be an increase in DNA damage (MMS) per se, but an inability to respond to replication stress (HU).
Homozygous Loss of DNA Polymeraseb Induces Cellular Senescence
To elucidate a possible role for POLb in cellular senescence, we evaluated DNA polymeraseb null (Polb -/-) primary mouse embryonic fibroblasts gifted by Samuel H. Wilson [Sobol et al., 1996] . Senescence evaluation is best conducted in primary cells. While the use of primary cells limits the types of questions we can experimentally address, it does provide the best possible information on the key question under investigation here, which is senescence. We first verified the known reduction in Polb expression in Polb -/-and wildtype (WT) cells [Sobol et al., 1996] . In two different cell lines from each genotype, we confirmed that mRNA and protein levels were undetectable in the Polb -/-cells ( Fig. 2A) . Next, we evaluated these cells for the same biomarkers of senescence used in the DS experiments, both at baseline and in response to exogenous DNA damage. Cells grown and treated in parallel were maintained in culture for an additional two weeks, but never reentered the cell cycle. In the absence of HU or other DNA damaging agents, we find robust SA-b-Gal staining in the Polb -/-cells, a much greater senescence response due to loss of Polb than we had anticipated (Fig. 2B , > 11-fold, p< 0.001). Notably, Polb -/-cells and DS cells exhibit very similar SA-b-Gal staining (20% of cells stain positive). In addition to significant increase in SA-b-Gal positive cells induced by loss of Polb, p16 was also significantly upregulated in the Polb -/-cells, further supporting that senescence is induced when Polb is absent (Fig. 2C, 1 .69-fold, P < 0.001). We find that HMGB1 appears to be reduced in the nuclear fraction of the Polb -/-cells as well (Fig. 2D) .
Loss of DNA Polymeraseb Amplifies the SenescenceInducing Effects of Hydroxyurea
Treatment of Polb null cells with HU resulted in a greater increase in both SA-b-gal positive cells (Fig. 3A, >twofold, P < 0.05) and p16 expression (Fig. 3B, > 3 .5-fold, P < 0.001).
We consistently found less SA-b-gal staining in the WT fibroblasts than in the Polb -/-fibroblasts in response to both HU and MMS exposure, but the genotype effect in response to MMS is minimal. In response to HU, Polb loss induces 56% positive-staining cells, nearly equivalent to the impact of HU on DS cells, but in response to MMS we find only 26% positive staining cells, only minimally more than the 18% positive cells in Polb -/-cells. This was surprising to us as Polb has a clear role in processing MMS-induced damage [Sobol et al., 1996] , and suggests that senescence induction as a function of Polb may not be due to DNA alkylation damage, but rather to an inability to handle replication stress.
DNA Polymeraseb May Protect Cells from Spontaneous DNA Double Strand Breaks
Hydroxyurea inhibits ribonucleotide reductase, which alters dNTP/NTP ratios. This imbalance generates strand breaks and stalled replication forks, both known drivers of senescence [Yeo et al., 2000] . As such, we quantified foci expressing both g-H2AX and 53BP1to evaluate the impact of HU on DNA double strand break (DSB) formation, both in the presence and absence of Polb. While not all foci will represent DSB directly, co-localized foci are informative for both DSB accumulation, and for stalled replication forks that could be induced by HU [Sirbu et al., 2011] . Co-localized foci in WT cells unexposed to HU were essentially undetectable, as expected. In response to HU, WT cells expressed about 10 colocalized foci/100 cells imaged ( Fig. 4B , P < 0.001). Unexpectedly, the Polb -/-cells expressed a similar level of co-localized foci in the absence of HU exposure, about 9/100 cells imaged ( Fig. 4B , P < 0.001, compared to WT). If we presume these foci represent DSB, this demonstrates that loss of Polb alone is sufficient to induce DSB. It is potentially interesting that HU-treated WT cells and untreated Polb -/-cells express very similar DSB phenotypes. However, what is difficult to reconcile is that the Polb -/-cells treated with HU do not exhibit a statistically significant genotype effect on foci formation, while there is a significant genotype effect on senescence induction (Fig. 3A) . This could be a function simply of the sensitivity or precision of this assay for DSB detection. But it is also possible that the elevated baseline of DSB in the Polb -/-cells could generate stalled forks once a DSB threshold has been exceeded, preventing cell death and driving senescence. The concept of loss of Polb as a protective mechanism is not new [Ventrella-Lucente et al., 2010] , nor is a protective role of senescence new [Campisi, 2013] . 
DISCUSSION
The Polb heterozygous mouse expresses 50% less Polb and ages at a slightly faster rate than its wildtype littermates [Cabelof et al., 2006] . This is quantitatively similar to the approximate 50% decline in POLb levels reported previously in Down syndrome [Raji et al., 1998 ], a condition likewise characterized by a faster rate of aging. Cultured Down syndrome fibroblasts exhibit enlarged and flattened morphology, increased number of multinucleated cells and early appearance of SA-b-gal activity [KalanjBognar et al., 2002; Cristofalo et al., 2004] . We confirm a robust, early cellular senescence in our Down syndrome model system through multiple measures of senescence (SA-b-gal activity, p16 expression and HMGB1 subcellular localization, Fig. 1A-C) . The source of early aging in Down syndrome is likely due to a combination of increased endogenous damage and reduced DNA BER ) female mice at day 10.5 of gestation to create primary wildtype (WT) or DNA polymeraseb null (polb -/-) embryonic fibroblasts [Sobol et al., 1996] , as described in Experimental. The primary embryonic fibroblasts used are designated WT-48, WT-53 (WT), null-47, null-51 (polb -/-). All experiments have been conducted in triplicate in all four groups of fibroblasts between passages 10-12 (except where noted), and data has been pooled for statistical analysis. (A) Validation of polB null status in primary polb wildtype and homozygous null fibroblasts. Both mRNA and protein expression levels were measured in two isogenic wildtype and two isogenic polb -/-fibroblasts. We confirm the null status of both primary polb -/-fibroblasts, as expected. Data is expressed as mean 6 SEM for three independent experiments. *Value significantly different from control at P < 0.01. (B) Loss of polb induces accumulation of SAb-gal positive cells. Senescence-associated b-galactosidase (SA-b-Gal) activity was measured in primary mouse embryonic fibroblasts from WT and polb -/-fibroblasts as described in Experimental. 300 cells were counted in random fields by a technician blinded to genotype to quantify the proportion of SA-b-Gal-positive cells. Image is a representative staining of WT and polb -/-fibroblasts. We consistently found SA-b-gal staining to be lesser in the WT fibroblasts and greater in the polb -/-fibroblasts. Quantification is presented as the average of three pooled independent experiments 6 SEM and is expressed as a percent of positive cells [(SA-b-Gal-positive cells/total cells)*100]. *Value significantly different from control at P < 0.01. (C) Loss of polB induces p16 expression. p16 expression was measured in wildtype and DNA polymeraseb null primary embryonic fibroblasts, using a probe-based system as described in Experimental. Data is expressed as mean 6 SEM for three independent experiments from pooled averages. *Value significantly different from control at P < 0.01. (D) HMGB1 is excluded from the nuclear fraction in passage polb -/-fibroblasts. Nuclear and cytoplasmic fractions were extracted from cells grown at passage number 5 and passage number 30 as described in Experimental. Protein was separated on 10% TGX Stain-free precast gels (BioRad) and transferred to PVDF. Membrane was incubated in 1:500 dilution of HMGB1 (Sigma, Cat# H9664). HMGB1 in nuclear and cytoplasmic fractions was normalized to total protein as described in Experimental. Normalization (loading control) was done for both nuclear and cytoplasmic fractions by calculating optical density of HMGB1/total protein. Data presented as compilation of two independent experiments. Graph is labeled for genotype (WT or null) and fraction (NF, nuclear fraction; CF, cytoplasmic fraction).
Environmental and Molecular Mutagenesis. DOI 10.1002/em capacity. Both the accumulation of damage and the reduction in repair capacity in Down syndrome begin in utero [Pogribna et al., 2001; Cabelof et al., 2009; Nizetic and Groet, 2012; Domenico et al., 2015] and create a constitutive environment of DNA stress. Under typical conditions POLb would be induced in response to endogenous DNA damage. We suggest that the lack of POLb (53% reduction, Fig. 1D ) and absence of a POLb-driven DNA repair response could explain early senescence in Down syndrome.
We test this hypothesis by determining whether loss of Polb is sufficient to induce senescence. We find that homozygous loss of murine Polb results in an 11.7-fold increase in SA-b-gal activity (Fig. 2B ) and a nearly twofold increase in p16 expression (Fig. 2C) . This is direct evidence for Polb in senescence induction. The increase in p16 in both model systems may be therapeutically interesting, as elimination of p16 expressing cells can reverse some age associated phenotypes [Baker et al., 2011] . Following treatment with HU and MMS, we find a robust senescence response to hydroxyurea (18% positive cells in unexposed Polb -/-cells, Fig. 2B ; 56% positive cells in HU-treated Polb -/-cells, Fig. 3A ), but a much smaller effect of MMS and genotype on senescence (18% positive cells in unexposed Polb -/-cells, Fig. 2B ; 26% positive cells in MMStreated Polb -/-cells, Fig. 3A) . Thus, as compared to untreated Polb -/-cells, HU treatment results in a 310% increase in senescent cells (3.1-fold change) while MMS treatment only results in a 40% increase (1.4-fold change). Loss of Polb is well-understood to increase sensitivity to alkylating agents [Sobol et al., 1996; Ochs et al., 1999; Podlutsky et al., 2001; Horton et al., 2002; Cabelof et al., 2003; Pascucci et al., 2005 ] through a strand break mechanism driven by Polb dRPase-activity . We Fig. 3 . Loss of DNA polymeraseb amplifies the senescence-inducing effects of hydroxyurea. WT and polb -/-primary fibroblasts were exposed to either hydroxyurea (300 uM) or methyl methanesulfonate (MMS; 600 uM) every 3 days for 10-14 days to induce senescence as described in Experimental. (A) Loss of DNA polymeraseb amplifies the accumulation of SA-b-gal positive cells in response to hydroxyurea (HU) but not methyl methanesulfonate (MMS). All four groups of cells either remained untreated, or were exposed to a standard HU senescence-inducing protocol, or MMS as described in Experimental. Briefly, cells were seeded 24 hr prior to treatment and exposed every 2 days over a 14 day period. 300 cells were counted in random fields by a technician blinded to both genotype and treatment. Image is a representative staining of WT and polb -/-fibroblasts. Quantification is presented as the average of three pooled independent experiments 6 SEM and is expressed as a percent of positive cells [(SA-b-Gal-positive cells/total cells)*100]. *Value significantly different from control at P < 0.01. (B) Upregulation of p16 by hydroxyurea is amplified by loss of polb. p16 expression was measured in WT and polb -/-fibroblasts using a probe-based system as described in Experimental. Data is expressed as mean 6 SEM for three independent pooled experiments. *Value significantly different from control at P < 0.01. **Value significantly different from control at P < 0.05.
Environmental and Molecular Mutagenesis. DOI 10.1002/em DNA Polymeraseb Deficiency Drives Senescencesuggest that in the absence of Polb -/-those breaks are largely eliminated and that the senescence observed by MMS in the Polb -/-cells primarily reflects the endogenous SA-b-gal activity seen in untreated Polb -/-cells, with minimal additive effect of MMS.
Hydroxyurea induces senescence directly through a stalled fork/strand break-mediated mechanism [Yeo et al., 2000] , known as replication stress. As such, we chose to evaluate DNA double strand breaks induced by hydroxyurea and replication stress, in senescing cells as a function of Polb deficiency. We find increased number of colocalized gH2AX and p53BP1foci in senescing cells, which is amplified by loss of Polb. We should note that DSB have been shown to accumulate in a knock-in mouse model of PolB variant R137Q [Pan et al., 2016] , Polb -/-cells exposed to MMS [Pascucci et al., 2005] , and an Alzheimer's/Polb 1/-mouse (3xTgAD/Polb) [Sykora et al., 2015] . But this is the first report that loss of Polb alone results in a significant accumulation of colocalized gH2AX and p53BP1, presumed to be DSB. Further research is needed into whether the disparate effects of MMS and HU on senescence may be informative about the molecular mechanisms of senescence induction.
It is well-known that complementation of Polb null cells with purified Polb restores wildtype phenotypes [Sobol et al., 1996] . It would be highly informative to restore Polb levels in the Down syndrome primary fibroblasts and evaluate the ability to complement the senescence phenotypes. Unfortunately, we have been unable to successfully complete these experiments, as our attempts at manipulating the primary Down syndrome fibroblasts did not generate viable cells that could withstand the senescence protocol. As such, the question of whether Polb provides a definitive causative explanation for senescence in Down syndrome remains open. But a collection of evidences points to a role, if only partial. Another open question is why POLb is systematically reduced in Down syndrome (beginning in utero), and whether the failure to respond properly to DNA damage might make these individuals uniquely susceptible to environmental exposures. The incidence of Down syndrome is currently 14.47 per 10,000 live births [Parker et al., 2010] , making susceptibililty to environmental exposures in Down syndrome a relevant population-level question. Given the known impact of POLb deficiency on sensitivity to exogenous exposures, Down syndrome -/-primary fibroblasts were exposed to HU as described in Experimental. (A) g-H2AX foci are amplified by loss of DNA polb. Overlappping g-H2AX/53BP1 foci serve as a marker for DNA double strand breaks. Foci were detected by g-H2AX and 53BP1 immunostaining in primary mouse embryonic fibroblasts as described in Experimental. All four groups of cells either remained untreated or were treated with 300 uM HU for 24 hr, fixed and stained with DAPI (blue). Cells were probed with antibody against g-H2AX (green; anti-g H2AX antibody) and 53BP1 (red; anti-53BP1) as described in Experimental. Slides were photographed under the Nikon Eclipse 80i microscope (Nikon, CA) and processed using the Nikon Elements built-in software. (B) Quantification of DNA double strand breaks. Approximately, 100 cells were selected in more than 10 fields of view and the number of foci positive for both g-H2AX and 53BP1 were counted for each cell. Data are presented as mean 6SEM. *Values significantly different from control at P < 0.01.
Environmental and Molecular Mutagenesis. DOI 10.1002/em presents a known human model of POLb haploinsufficiency, which could potentially be exploited to elucidate molecular mechanisms of senescence as a function of environmental exposures. 
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